The signaling pathway of insulin/insulin-like growth factor/phosphatidylinositol-3 kinase/Akt/ forkhead transcription factors is known to control life span and senescence in organisms ranging from yeast to mice. The FOXO family of forkhead transcription factors, FOXO1, FOXO3a, and FOXO4, play a critical role in this signal transduction pathway. However, the impact of FOXO3a activation on life span of primary cultured human dermal fibroblasts (HDFs) is unknown. To investigate the role of FOXO3a in the regulation of cellular senescence, we prepared FOXO3a-siRNA stable HDFs. We found that the down-regulation of FOXO3a RNA and protein in HDFs induced many senescent phenotypes, including changes in cell morphology, increases in population doubling times, senescence-associated b-galactosidase staining and the cellular reactive oxygen species, and up-regulation of p53/p21 protein expression. Our data provide evidence of the key role of FOXO3a transcription factor as a mediator of cellular senescence in HDFs, and suggest that the mechanism of senescence is conserved in HDFs.
P
RIMARY human cells have a limited ability to divide when cultured in vitro, and eventually enter a state of irreversible proliferative arrest, termed replicative senescence (1), which is accompanied by specific changes in cell morphology (2, 3) , gene expression, and function (4) . A number of molecular theories have been suggested to explain cellular senescence and human aging, e.g., free radical/ mitochondrial DNA (5) (6) (7) (8) , developmental, and genetic (9, 10) . Genetic analyses have demonstrated that the signal transduction pathway of insulin/insulin-like growth factor-1 (IGF-1)/phosphatidylinositol-3 kinase (PI3K)/Akt (PKB) is involved in the aging of many organisms, such as nematodes, fruit flies, and mammals (11) . In addition, the forkhead transcription factors, like DAF-16 in Caenorhabditis elegans, and its mammalian homologues, FOXO1 (FKHR), FOXO3a (FKHR-L1), and FOXO4 (AFX), play an essential role in this signal transduction pathway (12) .
Studies in mammalian cells have shown that the FOXO family of forkhead transcription factors, FOXO1, FOXO3a, and FOXO4 play important roles in diverse biological processes, which include cellular transformation, differentiation, metabolism, proliferation, and aging depending on physiological conditions and cell types (13) (14) (15) (16) (17) (18) (19) (20) (21) . The activation of DAF-16 in C. elegans by reducing function mutation in the PI3K/Akt pathway resulted in a life-span extension by modulating oxidative stress response (22) . Some genetic alterations like the homozygous deletion of p66shc (23, 24) , IGF-1 receptor (25) , or insulin receptor (26) , which are mediated via the PI3K/FOXO signaling pathway, demonstrated to increase life span in mammals. However, FOXO3a knockout mice showed no differences in longevity (27) , and the disruption of each of the Foxo genes demonstrated that the physiological roles of Foxo genes are functionally diverse in mammals (28) . Recently, Miyauchi and colleagues (29) reported that the in vitro life span of human endothelial cells is regulated negatively by Akt via a FOXO3a and a p53/p21 pathway, suggesting that the mechanism of senescence is conserved in primary cultured human cells. Although these studies have suggested that FOXOs have important roles in diverse biological processes, the impact of FOXO3a activation on the growth and life span of primary cultured human dermal fibroblasts (HDFs) is unknown. In the present study, we prepared FOXO3a-siRNA stable HDFs to investigate the role of FOXO3a in regulating the senescence of primary human cells. We found that the down-regulation of FOXO3a expression can accelerate cellular senescence of HDFs, suggesting that the mechanism of senescence is conserved in HDFs.
METHODS
Dulbecco's modified Eagle's medium (DMEM), diapase, and a penicillin-streptomycin-fungizone antibiotic solution were obtained from Life Technologies (Gaithersburg, MD 
Cell Culture and the Induction of Senescence
Primary HDFs were obtained from the foreskins of 10-year-old boys; written consent was obtained from the parents of all participants. The foreskins were aseptically collected and washed several times with phosphate-buffered saline containing 1% antibiotic-antimycotic solution. After removing the hypodermis, foreskins were treated with 2.5% diapase in DMEM at 408C overnight, and the epidermal cell sheet was then peeled off with a pair of tweezers. The pure dermis was cut into small pieces and cultivated in DMEM containing 10% fetal bovine serum (FBS) and 1% antibioticantimycotic solution at 378C in 5% CO 2 humidified air. After 5-6 days, the fibroblasts were harvested, propagated by trypsinization, and replated at 1 3 10 5 cells in 100 mm culture plates. When subcultures reached 80%-90% confluence, serial passaging was done by trypsinization, and the number of population doublings was monitored for further experiments. For the experiments, cells were used in either passage 8 (population doublings , 24) or passage 28 (population doublings . 55). These are referred to as ''young'' and ''old'' cells, respectively.
Generation of FOXO3a-siRNA Stable Fibroblasts
The FOXO3a (aaggataagggcgacagcaa) siRNA sequence (30) was inserted into the pSKII (U6þ27) plasmid according to the manufacturer's instruction. Cells in passage 6 (population doublings , 18) were seeded at 1.5 3 10 5 cells/cm 2 in six-well tissue culture dishes containing DMEM supplemented with 10% FBS. Recombinant plasmid DNA (1 lg/plate) and pHYK DNA (50 ng/plate) were introduced into the cells using LipofectAMINE 2000 (Life Technologies). After a 3-to 5-hour incubation, DMEM supplemented with 10% FBS was added. To achieve stable transfection, cells were incubated in medium containing 700 lg/ml G-418 for 2 weeks; positive clones were then selected.
Total RNA Preparation and Reverse TranscriptionPolymerase Chain Reaction (RT-PCR)
Total RNA was extracted from young and old fibroblasts by using Tri reagent (Molecular Research Center, Cincinnati, OH). Semi-quantitative RT-PCR was used to validate the expressions of FOXO1a, FOXO3a, and FOXO4 genes in FOXO3a-siRNA stable fibroblasts (31).
Senescence-Associated b-Galactosidase Staining
The proportion of HDFs positive for senescence-associated b-galactosidase (b-gal) activity was determined as described by Dimri and colleagues (2) . Cells were plated at 1310 4 in 35 mm culture dishes and fixed with 3% formaldehyde for 5 minutes. The presence of senescence-associated b-gal activity was determined by incubating cells with 1 mg/ml of 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside in 40 mM citric acid/phosphate (pH 6.0), 5 mM K 3 FeCN 6 , 5 mM K 4 FeCN 6 , 150 mM NaCl, and 2 mM MgCl 2 . Blue staining was visible after incubating for 12 hours at 378C, and the percentage of blue cells observed per 100 cells under a light microscope was calculated. Results are expressed as the means 6 standard deviation of three independent experiments. After senescence-associated b-gal staining, cells were counterstained with Mayer's hematoxylin.
Protein Extraction and Western Blot Analysis
Cells were lysed on ice using RIPA lysis buffer (25 mM Tris, pH 7.4, 150 mM KCl, 5 mM EDTA, 1% Nonidet P40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS), 1 mM Na 3 VO 4 , 5 mM NaF, and 1 mM phenylmethylsulfonyl fluoride). Cell disruption was completed by vortexing for 30 seconds on ice. Following centrifugation at 15,000 rpm for 10 minutes at 48C, protein concentrations in the supernatants were quantified by the bicinchoninic acid method (Pierce Biotechnology, Rockford, IL) using bovine serum albumin as a standard. Thirtymicrogram samples of protein were separated on 10% SDS polyacrylamide gels, and then transferred to nitrocellulose membranes. The membranes were treated with primary antibodies against FOXO3a, pFOXO3a, Akt, pAkt, ERK, pERK, and GAPDH. Secondary antibodies conjugated to horseradish peroxidase were detected by chemiluminescence (KPL, Gaithersburg, MD).
Detection of Intracellular Reactive Oxygen Species (ROS) Levels
HDFs were incubated with 10 lM dihydrorhodamine123 (DHR123) for 30 minutes. DHR123 is oxidized intracellularly to form the fluorescent compound rhodamine123 (RH123) by ROS, and is then pumped into mitochondria. After incubation with DHR123, cells were trypsinized and harvested. RH123 fluorescence intensities of 10,000 cells were measured for each sample using a FACSCaliber flow cytometer (BD Immunocytometry Systems, San Jose, CA).
N-Acetylcysteine Treatment
HDFs were plated at 1 3 10 3 cells on 35 mm culture dishes and incubated overnight at 378C in 5% CO 2 humidified air. Cells were treated with 0, 5, and 10 mM N-acetylcysteine for 2 or 3 days. Cell morphology and the proportion of cells positive for senescence-associated b-gal activity were examined.
RESULTS

Differential Expression of FOXO3a in Young and Old Fibroblasts
To investigate whether FOXO3a is associated with the cellular senescence of primary cultured HDFs, we measured the levels of FOXO3a and pFOXO3a protein in young and old fibroblasts. Senescent cells had lower FOXO3a (an active form) levels and higher pFOXO3a (an inactive form) levels than young cells (Figure 1 ). Because the phosphorylation of FOXO3a is regulated by Akt activity, pAkt levels were measured by Western blotting. As expected, pAkt levels were higher in old cells than in young cells (Figure 1 ). Senescence-associated phosphorylated ERK expression, which was known to be changed in cells entering replicative senescence (32, 33) , was also elevated in old cells.
Generation of FOXO3a-siRNA Stable Cells
To assess the regulatory role of FOXO3a activity in cellular senescence, we generated FOXO3a-siRNA stable cells. Following selection, cloning, and amplification of stable cells, the FOXO3a-siRNA cells and the vectortransfected cells were in passage 9. For the experiments, the FOXO3a-siRNA cells and the vector-transfected cells were used in passage 10 to passage 11 (population doublings , 33). RT-PCR showed that the level of FOXO3a RNA expression was lower in FOXO3a-siRNA stable cells than in young or vector-transfected cells (Figure 2A) , and that the levels of FOXO1a and FOXO4 RNAs were unchanged (Figure 2A ). Western blot analysis with anti-FOXO3a and anti-pFOXO3a antibodies demonstrated that FOXO3a protein was also down-regulated, but that pFOXO3a was upregulated in FOXO3a-siRNA cells ( Figure 2B ). The levels of senescence-associated pERK expression were also increased in FOXO3a-siRNA cells. In addition, the expression patterns of FOXO3a, pFOXO3a, pAkt, and pERK in FOXO3a-siRNA cells were similar to those in old cells.
Senescence Phenotypes in FOXO3a-siRNA Cells
Senescent cells are resistant to mitogen-induced proliferation (34,35), express senescence-associated b-gal (2), and have a characteristically enlarged, flattened morphology (3). We measured cell growth and senescence-associated bgal activity in FOXO3a-siRNA cells. FOXO3a-siRNA cells had an enlarged, flattened cell morphology, like old cells ( Figure 3A) . The percentage of blue cells (indicating senescence-associated b-gal activity) was higher in FOXO3a-siRNA cells (33.9 6 1.38%) than in vectortransfected cells (5.9 6 1.0%) ( Figure 3B ). Population doubling times were also longer for FOXO3a-siRNA cells (2.27 6 0.15 days) than for vector-transfected (1.36 6 0.04 days) or young cells (0.86 6 0.02 days) ( Figure 3C ). Moreover, increments of population doubling time in FOXO3a-siRNA cells resulted in growth retardation (data not shown). FOXO3a was also found to play an important role in the regulation of cellular redox status by increasing the level of manganese superoxide dismutase (Mn-SOD) (29) . Therefore, we measured cellular ROS levels by using DHR123. Cellular ROS was found to be elevated in FOXO3a-siRNA cells as compared to vector-transfected cells ( Figure 3D ). To investigate whether elimination of ROS generated during cellular senescence could avert senescent phenotypes of the FOXO3a-siRNA cells, the cells were treated with 5 or 10 mM N-acetylcysteine for 2 or 3 days, and their morphology and senescence-associated bgal activities were examined. The flat and large cell characteristics of the FOXO3a-siRNA cells became similar to the morphology characteristics of young cells: small, slender, and cylindrical fibroblasts (data not shown). Senescence-associated b-gal activities of the FOXO3a-siRNA cells were decreased by N-acetylcysteine in a timeand dose-dependent manner (Figure 4 ). Because the transcriptional activity of p53 and the up-regulation of p21 are essential for Akt-induced growth arrest in mouse embryonic fibroblasts (29) and for the replicative senescence of HDFs (32), we measured p53 and p21 protein expression. As expected, the levels of p53 and p21 proteins were up-regulated in FOXO3a-siRNA cells as well as in old cells ( Figure 5A) . We have previously shown that TPD52L1 and EPB41L3/Dal-1 proteins are down-regulated in senescent HDFs (36) . In the present study, TPD52L1 and EPB41L3/Dal-1 proteins were also found to be downregulated in FOXO3a-siRNA cells ( Figure 5B ). 
DISCUSSION
In the present study, differences were found in Akt activation and FOXO3a inactivation in young and old HDFs. Whereas the levels of Akt protein expression were similar in young and old cells, the levels of FOXO3a protein were lower in old cells than in young cells, and pAkt (an active form) and pFOXO3a (an inactivated form) levels were higher in old cells, thus suggesting that the Aktdependent inactivation of FOXO3a might induce the cellular senescence of HDFs. We found that down-regulation of FOXO3a RNA and protein expressions in HDFs induced a variety of senescent phenotypes, including changes in cell morphology; increases in population doubling times, senescence-associated b-gal staining, and cellular ROS; and the up-regulation of p53/p21 protein expression and the down-regulations of TPD52L1 and EPB41L3/Dal-1 protein expression. Our data provide evidence for the key role of FOXO3a transcription factor as a mediator of cellular senescence in HDFs, and support previous findings about the critical role of Akt activation in the regulation of the life span of primary human endothelial cells via the inactivation of FOXO3a and the p53/p21-dependent pathway (29) .
The FOXO subfamily-FOXO1, FOXO3a, and FOXO4-play important roles in regulating diverse cellular functions, such as differentiation, metabolism, proliferation, survival, and aging (13, 14) . However, the roles of the FOXO subfamily in the proliferation of human cells are still complicated. These FOXO factors induce cell cycle arrest in the G1 phase of the cell cycle by increasing the production of the cyclindependent protein kinase inhibitor p27 kip in PTEN-deficient glioblastoma and Ras-transformed cells (15) . Recently, Hu and colleagues (21) showed that the down-regulation of FOXO3a by FOXO3a-siRNA in human breast cancer MDA-MB cell lines induced cell proliferation and tumorigenesis in nude mice and that the ectopic expression of FOXO3a in the cells inhibited tumorigenesis in nude mice, suggesting that FOXO3a has general suppression effects for tumorigenesis in vivo. These results were obtained from the human cancer cell lines. However, we showed acceleration of cellular senescence by down-regulation of FOXO3a in human primary dermal fibroblasts. Miyauchi and colleagues (29) also reported that the suppression of FOXO3a in human endothelial cells induced cellular senescence via a p53/p21 pathway. Therefore, roles of FOXO transcription factors in cell proliferation and aging might depend on the physiological conditions and cell types in mammalian cells. Furthermore, in mice, knockout of the FOXO3a gene resulted in no apparent phenotype in relation to the cell proliferation except the ovarian follicular cells (27, 28) . However, in invertebrates, the DAF-16 (C. elegans) or dFOXO (Drosophila) signaling pathway plays a critical role in regulating body size and life span (22, 37) . These results suggest that the different effects of the FOXO members in mice and invertebrates may be due to diverse functions of the FOXO members in mice.
TPD52L1 was found to be overexpressed in some breast carcinomas (38) and was reported to be involved in H 2 O 2 -induced apoptosis by binding to and activating apoptosis signal-regulating kinase 1 (ASK-1) (39). EPB41L3/Dal-1 plays important roles in the maintenance of cell-cell and cellsubstratum interactions and in cytoskeletal organization, which are important for controlling cellular growth and differentiation (40, 41) . The down-regulations of TPD52L1 and EPB41L3/Dal-1 in FOXO3a-siRNA cells and in aged cells suggest that TPD52L1 and EPB41L3/Dal-1 play important roles in cellular senescence as target genes regulated by FOXO3a.
The insulin/PI3K/Akt signaling pathway has been known to play important roles in the control of longevity in organisms ranging from yeast to mice (11) . Genetic studies have demonstrated that the ablations of insulin/IGF-1 receptor genes, daf-2 in C. elegans (42) and IGF-1R in mice (25) , resulted in an increased life span. Moreover, mutations in age-1 of C. elegans, which is an evolutionarily conserved PI3K and is activated by DAF-2, also lead to a life-span extension (43) . The active form of DAF-16, forkhead transcription factor, was found to be essential for the longevity of DAF-2 or AGE-1 mutant organisms (44) . Therefore, the finding that FOXO3a RNA and protein down-regulation in HDFs accelerates cellular senescence suggests that the insulin/ PI3K/Akt/FOXO pathway is critical for aging in primary cultured human fibroblasts, and that the mechanism of senescence is conserved in primary human cells.
